The proposed anti-and pro-oxidant effects of nitric oxide (NO) derivatives, such as Snitrosoglutathione (GSNO) and peroxynitrite, were investigated in the rat nigrostriatal dopaminergic system. Intranigral infusion of freshly prepared GSNO (0-16.8 nmol, i.n.) prevented iron-induced (4.2 nmol, i.n.) oxidative stress and nigral injury, reflected by a decrease in striatal dopamine levels. This neuroprotective effect of GSNO was verified by ex vivo imaging of brain dopamine uptake sites using 125 Ilabeled RTI-55. In addition, in vitro data indicate that GSNO concentration-dependently inhibited ironevoked hydroxyl radical generation and brain lipid peroxidation. In this iron-induced oxidant stress model, GSNO was approximately 100-fold more potent than the antioxidant glutathione (GSH). Lightexposed, NO-exhausted GSNO produced neither antioxidative nor neuroprotective effects, which indicates that NO may mediate at least part of GSNO's effects. Moreover, GSNO completely (and GSH only partially) inhibited the weak pro-oxidant effect of peroxynitrite, which produced little injury to nigral neurons in vivo. This study provides relevant in vivo evidence suggesting that nanomol GSNO can protect brain dopamine neurons from iron-induced oxidative stress and degeneration. In conclusion, S-nitrosylation of GSH by NO and oxygen may be part of the antioxidative cellular defense system.-Rauhala, P., Lin, A. M.-Y., Chiueh, C. C. Neuroprotection by Snitrosoglutathione of brain dopamine neurons from oxidative stress. FASEB J. 12, 165-173 (1998) (NO or i NO) 4 is generated in the central nervous system by three isoforms of nitric oxide synthase (NOS) located in the endothelial cells, astroglias, and a few neurons (1, 2). NO plays an important role in cell-to-cell modulation (3) and vasodilatation (1, 4) via activation of NO-sensitive guanylyl cyclase and the generation of cGMP (1, 5) . NO may interact with oxygen, superoxide anion, and thiol compounds, generating reactive nitrogen species (NOx), peroxynitrite, and S-nitrosothiols including S-nitrosoglutathione (GSNO) (6-9). These NO-derived species may produce biological functions either similar or opposite to that of NO. For example, peroxynitrite may cause oxidative stress and possibly neurotoxicity (6, 10, 11). However, direct in vivo evidence of peroxynitrite's role in causing oxidative stress or injury in the brain has not been conclusively demonstrated since peroxynitrite is rapidly converted to nitrates (12, 13), which are readily excreted from the brain tissue.
Ilabeled RTI-55. In addition, in vitro data indicate that GSNO concentration-dependently inhibited ironevoked hydroxyl radical generation and brain lipid peroxidation. In this iron-induced oxidant stress model, GSNO was approximately 100-fold more potent than the antioxidant glutathione (GSH). Lightexposed, NO-exhausted GSNO produced neither antioxidative nor neuroprotective effects, which indicates that NO may mediate at least part of GSNO's effects. Moreover, GSNO completely (and GSH only partially) inhibited the weak pro-oxidant effect of peroxynitrite, which produced little injury to nigral neurons in vivo. This study provides relevant in vivo evidence suggesting that nanomol GSNO can protect brain dopamine neurons from iron-induced oxidative stress and degeneration. In conclusion, S-nitrosylation of GSH by NO and oxygen may be part of the antioxidative cellular defense system.- Rauhala 4 is generated in the central nervous system by three isoforms of nitric oxide synthase (NOS) located in the endothelial cells, astroglias, and a few neurons (1, 2) . NO plays an important role in cell-to-cell modulation (3) and vasodilatation (1, 4) via activation of NO-sensitive guanylyl cyclase and the generation of cGMP (1, 5) . NO may interact with oxygen, superoxide anion, and thiol compounds, generating reactive nitrogen species (NOx), peroxynitrite, and S-nitrosothiols including S-nitrosoglutathione (GSNO) (6) (7) (8) (9) . These NO-derived species may produce biological functions either similar or opposite to that of NO. For example, peroxynitrite may cause oxidative stress and possibly neurotoxicity (6, 10, 11) . However, direct in vivo evidence of peroxynitrite's role in causing oxidative stress or injury in the brain has not been conclusively demonstrated since peroxynitrite is rapidly converted to nitrates (12, 13) , which are readily excreted from the brain tissue.
GSNO has been identified in cells and tissues containing NOS and high concentrations of GSH, but its biosynthetic pathway is not fully understood (7) (8) (9) (14) (15) (16) . It has been proposed that GSNO may be an endogenous NO reservoir (17) that can release NO when it reacts with either copper or thioredoxin (18) (19) (20) . GSNO produces not only NO-like biological effects via activation of guanylyl cyclase (21) , but also protects against oxidative stress in the endothelium, myocardium, brain tissue, and other cells (16, (22) (23) (24) (25) (26) . These atypical antioxidant properties of GSNO and/or NO have been repeatedly demonstrated by using in vitro preparations (27) (28) (29) (30) (31) (32) (33) (34) (35) . On the basis of this information, we proposed that GSNO, a putative endogenous NO donor compound, may protect brain neurons from oxidative stress.
In this in vitro and in vivo study, we investigated and compared the neurotoxic and neuroprotective properties of two putative NO-derived compounds such as peroxynitrite and GSNO in the rat nigrostriatal dopaminergic system. The proposed antioxidant effects of GSNO were compared with those of GSH, NO, and light-exposed, NO-exhausted GSNO. We also compared the in vivo putative pro-oxidant effect of peroxynitrite with that of ferrous citrate, a small molecular weight iron complex that induces oxidative stress/injury in brain dopamine neurons (36) . The results provide new information concerning the pathophysiological role of free radicals (e.g., hydroxyl radicals rather than NO) in the iron-induced animal model of Parkinson's disease (37) .
MATERIALS AND METHODS

Intranigral infusion of drug
Sprague-Dawley rats (male 250-350 g, Taconic Farms) were anesthetized with chloral hydrate (400 mg/kg, i.p.) and prepared for stereotaxic infusion of drug (0 to 10 nmol ferrous citrate and/or 0 to 16.8 nmol GSNO in 1 ml sterilized Ringer's solution or 0 to 33.6 nmol peroxynitrite in 1.05 ml 0.3 M NaOH solution) into right or left substantia nigra compacta area (i.n.; Paxinos and Watson stereotaxic coordinates: AP: 3.2 mm, RL: 2.1 mm, H: 2.0 mm, mouth bar: 03.5 mm), as reported previously (37, 38) . Sham control groups were treated intranigrally with either 1 ml Ringer's solution or 1.05 ml 0.3 M NaOH.
In vivo brain lipid peroxidation assay
Rats were killed by decapitation 4 or 24 h after the intranigral infusion of ferrous citrate with or without GSNO (i.e., fresh, NO-releasing and photodegraded, NO-exhausted) or GSH (i.e., reduced and oxidized). In one study, freshly prepared GSNO was administered 1 h after the intranigral infusion of iron. Fluorescent products of lipid peroxidation (activation/ emission wavelengths were 356 nm/426 nm) in the midbrain substantia nigra samples were measured as described previously (36, 39, 40) .
Methods for measuring nigrostriatal injury in vivo
Striatal dopamine levels were assayed by using a high-performance liquid chromatography (HPLC) -EC procedure (41) 1 wk after the intranigral administration of drugs. Eight days after the intranigral infusion of iron complexes, fluoxetine (10 mg/kg, i.v., a serotonin uptake inhibitor) was administered to block the serotonin uptake sites 10 min before the infusion of 125 I-labeled RTI-55 (3b-(4-iodophenyl)tropan-2b-carboxylic acid methyl ester; 100 mCi, i.v.). After fluoxetine pretreatment, RTI-55, a cocaine analog, binds relatively selectively to dopamine uptake sites (42) . Rats were killed 90 min later, after the intravenous infusion of 125 I-RTI-55. Brain samples were rapidly frozen in 020ЊC isopentane and sliced in a cryostat. Coronal brain slices (30 mm) were dried on gelatincoated glass slides. Hyperfilm-3 H (Amersham, Arlington, Ill.) was used to obtain an autoradiographic image after exposing the film onto the brain slices along with a standard set of Amersham autoradiographic 125 I-labeled microscales for 12 to 30 h. Autoradiographic brain images were processed using the NIH image software (provided in kind by W. Rasband, NIMH). The optical densities of control and lesioned striatum of at least three consecutive brain slices were measured, and the tissue radioactivities were estimated with a standard set of Amersham autoradiographic 125 I-labeled microscales. This in vivo neuronal imaging procedure is now being adapted to clinically assess brain dopamine neuron degeneration by using a single photon emission computerized tomographic procedure (Thomas Brü cke, personal communications).
Measurement of the generation of hydroxyl radicals in vitro
A salicylate hydroxylation trapping method (trapping agent: 1 mM sodium salicylate) was used (36) to monitor generation of hydroxyl radicals produced by iron complexes (4.2 nmol or 20 ml of 210 mM ferrous citrate). Hydroxyl adducts of salicylate such as 2,3-and 2,5-dihydroxybenzoic acid (pmole sensitivity) produced by 4.2 nmol ferrous citrate were assayed using an HPLC-EC procedure (43) . GSNO, GSH, GSSG, and related agents were added to the incubation mixture at time zero.
Measurement of brain lipid peroxidation in vitro
Brain homogenates were diluted to 50 mg brain tissue/ml with either Ringer's solution or 51 Dulbecco's phosphate-buffered saline in order to study the pro-oxidant effect of ferrous citrate (0 to 125 mM) and peroxynitrite (0 to 600 mM). After 2 h incubation with GSNO, GSH, GSSG, and related compounds at 37ЊC, fluorescent end products of lipid peroxidation induced by 1 mM ferrous citrate iron complexes in brain homogenates were assayed by using a previously described method (32) .
Materials
GSNO was provided by Professor S. Moncada (Cruciform Project, University College London, U.K.). A photodegraded old GSNO solution was obtained by leaving the freshly prepared GSNO solution under a table lamp (100 W) for at least 2 days. This procedure causes a slow release of NO from the GSNO, yielding GSSG and other NOx compounds (18) . GSH and GSSG were purchased from Sigma Chemical Company (St. Louis, Mo.). Citric acid (Reagents Inc., Charlotte, N.C.) was mixed with equimolar ferrous ammonium sulfate (Sigma) to form the ferrous citrate tridentate iron complexes.
125 I-labeled RTI-55 (sp. act. 2200 Ci/mmol) was obtained from Dupont NEN (Boston, Mass.). Stock solution of peroxynitrite was ordered from Cayman Chemical Company (Ann Arbor, Mich.). NO solution was made according to a previously described method (24) .
Statistical analysis
Data are presented as mean { SEM values of the indicated numbers of observations (nÅ3-12). Results were analyzed by one-way analysis of variance and P values were assigned by using the Newman-Keuls test. Differences among means were considered statistically significant when the P value was less than 0.05.
RESULTS
Oxidative stress and degeneration of the nigrostriatal dopaminergic neurons in vivo: ferrous citrate vs. peroxynitrite
Intranigral infusion of 4.2 and 10 nmol ferrous citrate (i.n., 24 h) caused an 8-and 13-fold increase of fluorescent end products of lipid peroxidation in the midbrain substantia nigra ( a Acute lipid peroxidation and chronic striatal dopamine were measured 1 day and 7 days after the intranigral infusion of drugs (i.n.), respectively. The maximal dose of peroxynitrite was directly obtained from undiluted stock solution prepared in 0.3 M NaOH. Normal striatal dopamine level was 65 { 3 pmol/mg (n Å 6). Iron-induced increase in acute lipid peroxidation in the substantia nigra and delayed dopamine depletion in the caudate nucleus were linearly correlated (r 2 Å 0.993). Results are reported as mean { SEM, and experimental number of each group is listed in the parentheses. * Significant increase (P õ 0.05); ** Significant decrease (P õ 0.05). near-complete 95% dopamine depletion in the caudate nucleus, the nerve terminal area of nigrostriatal dopamine neurons. A significant linear correlation between the iron-induced acute nigral lipid peroxidation (1 day) and chronic striatal dopamine depletion (7 days) was observed (r 2 Å0.993, Põ0.05).
Comparison of the effects of ferrous citrate and peroxynitrite on brain lipid peroxidation
The potency of peroxynitrite for inducing lipid peroxidation in brain homogenates was compared with the known pro-oxidant, ferrous citrate iron complex (36, 37) . The addition of ferrous citrate (0 to 125 mM) to brain homogenates induced a significant increase in brain lipid peroxidation after incubation at 37ЊC for 2 h (Fig. 1) . Greater concentrations of peroxynitrite (75 to 600 mM) were needed to significantly increase peroxidation of brain lipids. Peroxynitrite was ineffective at 37.5 mM concentration whereas 25 mM iron produced a maximal lipid peroxidation in vitro.
Effects of GSH and GSNO on the generation of hydroxyl radicals
We further compared the antioxidative potency of GSH with its S-nitrosylated derivative, GSNO, on the generation of hydroxyl radicals induced by ferrous citrate in vitro. Both GSH and GSNO concentrationdependently inhibited the formation of hydroxyl radicals induced by ferrous citrate (210 mM) that were trapped by sodium salicylate (1 mM) and detected as 2,3-and 2,5-dihydroxybenzoic acid (Fig. 2A) . The IC 50 values for GSH and GSNO to inhibit the generation of hydroxyl radicals were approximately 1000 and 10 mM, respectively. Furthermore, only the freshly prepared GSNO (10 mM) significantly inhibited iron-catalyzed hydroxyl radical formation, whereas equimolar related non-NO donor compounds such as photodegraded old GSNO, GSH, and GSSG failed to produce these same antioxidative ef- fects (Fig. 3A) . In addition, 10 mM NO also significantly inhibited iron-catalyzed generation of hydroxyl radicals (Põ0.05).
Relative potency of GSH and GSNO on the inhibition of iron-induced brain lipid peroxidation
Both GSH (4 to 12,500 mM) and GSNO (4 to 2,500 mM) concentration-dependently suppressed the lipid peroxidation elicited by ferrous citrate (1 mM). In brain homogenates, 100 mM GSNO near-completely suppressed the peroxidation of brain lipids, whereas GSH required a concentration as high as 12.5 mM (Fig. 2B) . Similar to the results shown in Fig. 3A , only the freshly prepared GSNO (100 mM), but not the photodegraded old GSNO (100 mM), significantly suppressed iron-induced (1 mM) brain lipid peroxidation to near background level (Fig. 3B) . In addition, GSSG (100 mM) did not suppress and NO (100 mM) alone partially inhibited the iron-induced lipid peroxidation (Põ0.05). Based on these in vitro results, S-nitrosylation of GSH by NOx (e.g., NO and oxygen) seems to augment by approximately 100-fold GSH's antioxidant potency.
Effects of GSH and GSNO on peroxynitriteinduced brain lipid peroxidation
We also investigated the effect of GSNO and GSH on brain lipid peroxidation caused by peroxynitrite (300 mM, 37ЊC, for 2 h) in brain homogenates. GSNO (0- 12.5 mM) inhibited concentration-dependently peroxynitrite-induced brain lipid peroxidation (Fig. 4) . GSH's effects were not concentration dependent; it partially prevented pro-oxidant effects of peroxynitrite at concentrations between 0.5 and 2.5 mM.
Effects of GSNO on iron-induced nigral lipid peroxidation in vivo
An iron-induced animal model of oxidant stress and nigrostriatal degeneration (37) was used to evaluate the possible antioxidant properties of GSNO in vivo.
As shown in Table 1 , intranigral infusion of iron complexes (4.2 nmol) consistently caused significant lipid peroxidation as reflected by an acute increase of fluorescent products of lipid peroxidation in the substantia nigra, which contains A9 dopaminergic cell bodies (Fig. 5A) . Similar to NO (24), GSNO (16.8 nmol, i.n.) did not increase lipid peroxidation in the midbrain (0.114{0.01 RFU, nÅ6) over that of control (0.118{0.009 RFU, nÅ4). Coinfusion of GSNO (0 to 16.8 nmol, i.n.) dose-dependently protected midbrain substantia nigra neurons from acute peroxidation of brain lipids induced by ferrous citrate (4.2 nmol, i.n., 4 h). Only the freshly prepared NOreleasing GSNO (8.4 nmol), and none of the non-NO-releasing thiol compounds (e.g., light-exposed, NO-exhausted old GSNO, GSSG and GSH), protected nigrostriatal neurons against iron-induced oxidant stress in vivo (Fig. 5B) . Furthermore, apparent antioxidative effects of GSNO (16.8 nmol) in the midbrain substantia nigra were still significant when freshly prepared GSNO was administered 1 h after the administration of ferrous citrate iron complexes (24 h nigral lipid peroxidation in iron group: 0.877{0.071 RFU, nÅ8; GSNO coadministration group: 0.209{0.041 RFU, nÅ4; GSNO posttreatment group: 0.474{0.107 RFU, nÅ8).
Effects of GSNO on iron-induced chronic depletion of striatal dopamine levels in vivo
Seven days after infusing iron into rat substantia nigra (4.2 nmol, i.n.), a significant 51% decrease in dopamine I-labeled RTI-55 (100 mCi, i.v.), 10 min after blocking serotonin uptake sites by fluoxetine (10 mg/kg, i.v.). Enlarged autoradiographic images (3.51) were analyzed using the NIH Image software to measure optical densities; gray scales were then converted to rainbow color scales (orange to yellow show high bindings; green to blue depict low bindings). Normal dopamine uptake sites in dopaminergic nerve terminals of the control sides were visualized as orange areas. Striatal RTI-55 radioactivities were estimated using Amersham autoradiographic 125 I-labeled microscales (lesioned right striatum: A) 092% without GSNO cotreatment; B) 013% with GSNO cotreatment) compared to corresponding control left striatum. Figure 6 . Effects of intranigral infusion of GSNO on ferrous citrate-induced chronic dopamine depletion in the striatum. Freshly prepared GSNO (0-16.8 nmol, i.n.) was coadministered with ferrous citrate (4.2 nmol) into the midbrain substantia nigra of anesthetized rats. Each bar shows mean { SEM (nÅ5-12) of dopamine levels (% of contralateral control side; normal dopamine levels: 81.6{4.5 pmol/mg, nÅ12) in the caudate nucleus 7 days after intranigral infusion of drugs. GSNO or Ringer's solution alone did not alter striatal dopamine levels. P õ 0.05 in GSNO group. levels was found in the nerve terminal area of nigrostriatal neurons or caudate nucleus (Fig. 6) 2 to 16.8 nmol, i.n.) dose-dependently reversed dopamine depletion induced by ferrous citrate (4.2 nmol, i.n., 7 days). GSNO, at 16.8 nmol (i.n.), completely prevented oxidative brain injury in vivo (Põ0.05). Nanomole doses of GSH were too low to provide protection against iron-induced oxidative nigral injury and associated nerve terminal degeneration in vivo (data not shown).
Ex vivo imaging of brain dopamime uptake sites: a biological marker for verifying GSNO's neuroprotective effect
Ferrous citrate-induced (4.2 nmol, i.n., 8 days) chronic degeneration of dopaminergic terminals in the caudate nucleus (in the dorsolateral more than the ventromedial part) was visualized by a brain imaging procedure using 125 I-labeled RTI-55 (100 mCi, i.v., Fig. 7A ). RTI-55 was administered 10 min after blocking serotonin uptake sites in the brain by fluoxetine pretreatment (10 mg/kg, i.v.). Similar to the neurochemical results cited above (Table 1, Fig. 6 ), RTI-55 brain dopamine imaging showed that irondecreased dopamine uptake sites in the caudate nucleus was reversed by GSNO coadminstration (16.8 nmol, i.n., recovered from 092% to 013% in striatal RTI-55 binding; Fig. 7B ).
DISCUSSION
We have investigated the pathophysiology of putative endogenous NO derivatives, such as peroxynitrite and GSNO, on oxidative stress and neurodegeneration in the brain. Our in vivo results indicate that GSNO and the NO released did not cause oxidative stress/injury in the rat nigrostriatal dopaminergic system. In fact, iron-induced oxidative nigrostriatal degeneration was prevented dose-dependently by coadministration of GSNO (nanomoles), but not GSH. One hour after the administration of iron complexes, GSNO still significantly suppressed iron-induced oxidative stress. This novel neuroprotective effect of GSNO was verified according to a brain im- aging procedure of dopamine transporters and neurochemical assay of dopamine in the caudate nucleus. This is consistent with earlier findings that GSNO protects lung, endothelium, hepatic cells, and cardiac muscle from oxidative injury (16, 22, 23, 25, 26) . Moreover, in contrast to the iron-induced severe oxidative nigrostriatal injury, peroxynitrite caused little or no injury in vivo. This result seems somewhat at odds with the current concept that NO mediates neurotoxicity in the brain. It has been proposed that NO, acting though the formation of peroxynitrite (6) , can induce cytotoxicity in neuronal cell cultures (10, 11) . However, another study indicates that NO protects primary cultures of midbrain dopamine neurons from oxidative stress produced by hydrogen peroxide (30) . The present in vivo study reveals that the proposed neurotoxic effects of peroxynitrite are minimal whereas the beneficial antioxidative properties of GSNO or NO are more prominent in the nigrostriatal dopaminergic system.
Possible antioxidative effects of a putative endogenous NO donor GSNO have been recently proposed (23, 24) . The present study revealed that GSNO is a potent antioxidant in the brain, because GSNO concentration-dependently inhibited iron-induced generation of hydroxyl radicals and peroxidation of brain lipids. GSNO was approximately 100-fold more potent than its precursor GSH in the suppression of iron-induced oxidative stress (Fig. 2) . In addition, we did not observe any antioxidative effects of the lightexposed, NO-exhausted GSNO in either in vitro or in vivo experiments. These results suggest that the antioxidative properties of GSNO may be partially mediated by NO. This finding is consistent with recent reports that NO inhibits lipid peroxidation in both in vivo and in vitro preparations, possibly though scavenging or annihilation of peroxyl lipid radicals (i.e., LOO i / i NOrLOO-NO), since NO are nitrogen-centered free radicals (24, 28, 31) . Therefore, the neuroprotective effect of GSNO and/or NO may be due to their potent antioxidative properties in terminating the lipid peroxidation chain reactions caused by redox cycling of iron-oxygen complexes.
GSNO has been found in human airways (17), brain tissue (15) , and cell preparations (14, 16) . The release of NO from GSNO can be facilitated by copper ions (i.e., Cu / ) and/or thioredoxin (18) (19) (20) . However, the in vivo biosynthetic pathway of GSNO is not currently known (8, 9) . Most likely, GSNO may be formed in NO generating cells such as astrocytes and endothelial cells, which also contain millimolar concentrations GSH (2, 44) . Our in vitro results suggest that GSNO may play an important role in the cellular antioxidative defense system since it is approximately 100-fold more potent than GSH. In addition to inhibiting iron-induced severe lipid peroxidation, GSNO also concentration-dependently suppressed the weak oxidant stress caused by peroxynitrite. Therefore, it is proposed that in addition to quenching reactive NOx species (7), GSH may act as the precursor for a more potent antioxidant, GSNO, which could provide additional protection of brain neurons from free radical-induced oxidative stress and injury.
Recently, NO-derived peroxynitrite has been suggested to mediate nigral injury caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (45, 46) . However, MPTP still produces significant depletion of striatal dopamine in neuronal NOS knockout mice (45) and in monkeys after inhibiting neuronal NOS with N G -nitro-L-arginine methylester (47) . The commonly used neuronal NOS inhibitor 7-nitroindazole (45, 46) also inhibits monoamine oxidase B and associated bioactivation of MPTP and 2-methylMPTP (48, 49) . These contradictory results cast doubt on the notion that MPTP-induced oxidative nigral injury is mediated by NO and/or peroxynitrite. In fact, iron and hydroxyl radicals are known to involve in MPTPinduced selective nigrostriatal dopaminergic injury (50, 51) . In addition to the present brain dopamine imaging of the degeneration of dopaminergic nerve terminals (Fig. 7) , iron-induced severe nigral loss has also been verified when using in situ hybridization of mRNA of tyrosine hydroxylase (36) . Furthermore, the present in vivo results show that dopaminergic nigral neurons were highly sensitive to oxidative stress produced by iron complexes, but not peroxynitrite. Therefore, these results provide relevant in vivo evidence to support the hypothesis of oxidant stress in the pathogenesis of Parkinson's disease (37, 50, 52) , since brain dopamine neurons may be more vulnerable to oxidative injury caused by reactive oxygen species rather than by reactive nitrogen species (13, 53) .
Elucidation of reaction pathways involved in the proposed GSNO system (GSH/NOxr[GSNO]r GSSG/NO) in the central nervous system is necessary in order to understand the biology of NO and its atypical antioxidative properties. This mechanism may explain why NOS-containing neurons or cells are more resistent to oxidative injury when there are high levels of GSH. Future studies of the GSNO may provide ways to understand and manage oxidative brain injury caused by reactive oxygen species. Thus, this report on neuroprotective action of GSNO could stimulate the development of new antioxidants for the treatment and/or prevention of oxidant-induced brain disorders such as Parkinson's disease, and perhaps stroke and head trauma as well. 
